Introduction
The progressive decline of neurological functions such as learning and memory is an unavoidable consequence of aging which occurs for many reasons, including cumulative molecular/ cellular damage during lifespan to failure of neurotrophic signaling and synaptic efficiency (for review see Farooqui and Farooqui, 2009; Glorioso and Sibille, 2011; Mattson and Magnus, 2006) . The understanding of aging-related alterations in brain structure and function has become a critical urge with the increased lifespan observed in the recent decades. The ultimate goal is to identify new therapeutic targets and develop multimodal health-care strategies that meet the needs of an aging population. In this context, increasing epidemiological and experimental evidence indicate that regular physical exercise prevents cognitive decline in elderly (Cotman and Berchtold, 2002; Kramer et al., 1999; Lista and Sorrentino, 2010; van Uffelen et al., 2008) .
Results from epidemiological studies generally support a positive relationship between the cognitive activity of older adults and physical exercise (Colcombe et al., 2004a,b; Rovio et al., 2005; Weuve et al., 2004) . However, it must be conceded that some studies failed to observe such relationship (Sturman et al., 2005; Tsutsumi et al., 1997; Verghese et al., 2003) . The reason for this inconsistency in the literature can be largely attributed to methodological issues. Remarkably, besides well described tolerance of aged individuals to high efforts of exercise (Evans, 1999; Fiatarone et al., 1990) , the basis for prescribing exercise intensity should be differentiated for this 'risk group' (Tanaka et al., 2001) . For instance, aged population presents high prevalence of chronic diseases (Ames et al., 1993) and obesity (McPhillips et al., 1989) , which affects exercise performance, safety and feasibility (Hundley et al., 2001; Rogers and Evans, 1993) . These age-specific conditions constitute motivational obstacles to the performance of high-intensity exercises, leading to decreased adherence to prolonged exercise programs (Chad et al., 2005; Schutzer and Graves, 2004) . Accordingly, epidemiological data indicate an inverse relationship between adherence and intensity of exercise in older people (McPhillips et al., 1989) . Therefore, alternative exercise programs with reduced volume and lower intensities are recommended (Chad et al., 2005; van der Bij et al., 2002) , since they still induce physiological and psychological benefits in aging subjects (Chad et al., 2005; van der Bij et al., 2002) .
When it comes to experimental laboratory studies, the cognitive benefits of exercise have been shown in rodents submitted to long-term voluntary exercise in running wheels (Nithianantharajah and Hannan, 2009; van Praag et al., 2005) , as well as after 3-to 12-week training periods on treadmill (Ang et al., 2006; Berchtold et al., 2010) . Of note, mild-intensity exercise (15 min per day) on treadmill during 7 weeks also improved the performance of 23-month old rats in hippocampal-dependent learning and memory tasks (Albeck et al., 2006) . Although the exact neurobiological bases underlying the cognitive benefits of physical exercise remain to be elucidated, considerable evidence supports the importance of adaptive neuronal responses in the central nervous system (CNS), such as increased synaptic plasticity (Cotman and Berchtold, 2002; Eadie et al., 2005; Molteni et al., 2002; van Praag et al., 1999a) , neurogenesis (van Praag et al., 1999a,b) and production of neurotrophic factors -most notably the brain-derived neurotrophic factor (BDNF) (Aguiar et al., 2008; Cotman and Berchtold, 2002; Vaynman et al., 2004) .
In keeping with the substantial physiological differences presented by elderly subjects, little is known about the neurobiological bases of the benefits provoked by tailor-made exercises for an aging population. Therefore, in the current study, we investigated whether short bouts of mild-intensity physical exercise represent a successful strategy to enhance learning and memory as well as hippocampal plasticity in aging rodents, as previously described after long-term exposure to running wheels or treadmill exercise (Albeck et al., 2006; Cotman and Berchtold, 2002; Gomez-Pinilla et al., 1998) .
Material and methods

Animals
Experiments were conducted using a total of thirty-five female Wistar rats (24-month-old at the beginning of the physical training program) supplied by the animal facility of the Universidade Federal de Santa Catarina (UFSC, Florianó polis, Brazil) that were divided in two batches (G1 and G2, see Fig. 1A ). The animals were kept in collective cages (3-4 animals per cage) and maintained in a room under Fig. 1 . Experimental design (A). Lactate levels in the blood remained stable during the 4 weeks of exercise, even after the increase of exercise volume (B). The exercise program increased mitochondrial respiration in both soleus (D) and cardiac (E) muscles. Body weight (C) and relative adrenal weight (F) were not affected by exercise, suggesting that the mild exercise regimen used is unlikely to induce severe stress. Data are expressed as mean AE S.E.M. (n = 9 rats per group). *P 0.05 from 3 mmol/l (Student's t-test). **P 0.05 from Sed (Student's t-test). Exe -exercise; G -group; O 2 -oxygen; Sed -sedentary.
controlled temperature (23 AE 1 8C) and 12-h light cycle (lights on 7:00 AM), with free access to food and water. All efforts were made to minimize the number of animals used and their suffering. The procedures used in the present study complied with the guidelines on animal care of the UFSC Ethics Committee on the Use of Animals (protocol 2308.019001/2009-27) which follows the ''Principles of laboratory animal care'' from NIH publication No. 85-23.
Physical exercise
We randomly assigned the animals into two groups: untrained sedentary controls (n = 18 animals) and exercised rats (n = 17 animals). All rats were transported and habituated to the exercise room 1 h before each daily session of exercise, carried out during the nocturnal phase of the cycle (between 20:00 h and 22:00 h).
Fig . 1A summarizes the exercise program used. Exercised animals were habituated for 1 week to the treadmill before starting of the exercise protocol, with a single 3-min daily session at belt speed of 2 m/min. After habituation to the treadmill, the physical training (running exercise) was carried out during 4 consecutive weeks, with 4 sessions per week (Monday, Tuesday, Thursday and Friday, while resting on Wednesday and weekends). Each daily exercise session consisted of: (i) one warm-up session (3 min, 2 m/min), followed by (ii) two bouts of running sessions (4-6 min) at constant belt speed 10 m/min. Each session was spaced by a 1-min resting interval. According to standard protocols of our laboratory (Aguiar et al., 2008 (Aguiar et al., , 2009 Figueiredo et al., 2010) , a non-noxious stimulus (metal-beaded curtain) was used as a tactile incentive to prevent injury to the hindlimbs provoked by the posterior wall of the treadmill. As a result, shockplate incentive was not used in the current protocol, thus preventing stress-related issues and keeping ethical standards of animal manipulation.
Blood samples (15-25 ml) from tail vein were collected immediately after the last exercise session of the week (on Fridays) and placed on BM-Lactate tapes (Roche Diagnostics, Mannheim BW, Germany) for measuring acute lactate response to exercise with a lactate meter (Accutrend Boehringer GmbH, Mannheim BW, Germany). This measure was used to classify the exercise intensity as previously described (Aguiar et al., 2008 Brooks and Mercier, 1994; Ferreira et al., 2007) .
Behavioral tasks
As illustrated in Fig. 1A , the exercise training was interrupted 48 h before the beginning of behavioral testing. We used two cohorts of animals: one group (G1) of animals was tested in the water-maze and open field tasks (n = 8 animals per group), while other group (G2) was tested in the step-down inhibitory avoidance task (sedentary n = 10; exercised n = 9). Some animals of the G2 group (n = 5-6 animals per group) were later sacrificed for biochemical measurements. The animals were acclimatized to the experimental room for at least 1 h before the experimental procedures, which were carried out between 13:00 h and 17:00 h in order to avoid circadian fluctuations and stress interference. All behavioral experiments were recorded and analyzed using the ANY-maze TM video tracking system (Stoelting Co., Wood Dale IL, USA).
Water maze
The water maze task was performed in a circular swimming pool similar to that described by Morris et al. (1982) . The pool was made of black painted fiberglass, 1.7 m inside diameter, 0.8 m high, and was filled to a depth of 0.6 m with water maintained at 25 8C. The target platform (10 cm Â 10 cm) was made of transparent Plexiglas and was submerged 1-1.5 cm beneath the water surface. Starting points for the animals were marked on the outside of the pool as north (N), south (S), east (E) and west (W). Four distant visual cues (55 cm Â 55 cm) were placed on the walls of the water maze room. They were all positioned with the lower edge 30 cm above the upper edge of the water tank, and the position of each symbol marked the midpoint of the perimeter of a quadrant (circle = NE quadrant, square = SE quadrant, cross = SW quadrant, and diamond = NW quadrant). The apparatus was located in a room with indirect incandescent illumination. A monitor and a video-recording system were installed in an adjacent room.
The animals were submitted to a spatial reference memory version of the water maze using a protocol that was adapted from one described previously (De-Mello et al., 2005) . The training session consisted of 7 consecutive trials during which the animals were left in the tank facing the wall and then allowed to swim freely to the submerged platform. The platform was located in a constant position (middle of the southwest quadrant), equidistant from the center and the wall of the pool. If the animal did not find the platform during a period of 60 s, it was gently guided to it. The animal was allowed to remain on the platform for 10 s after escaping to it and was then removed from the tank for 20 s before being placed at the next starting point. This procedure was repeated 7 times, with the starting points (the axis of one imaginary quadrant) varying in a pseudo-randomized manner. Latencies to find the platform and swimming speed were measured in each training session. The test session was carried out 24 h later and consisted of a single probe trial where the platform was removed from the pool and each rat was allowed to swim for 60 s in the water maze. The time spent in the correct quadrant (i.e. where the platform was located in the training session) and the swimming speed were recorded.
Open field task
The locomotor activity was evaluated in the open field arena 24 h after the water maze probe trial. The open field was made of wood covered with impermeable Formica (100 cm Â 100 cm Â 50 cm) and the experiments were performed in a sound-attenuated room under low-intensity light (12 lx). Each rat was placed in the center of the apparatus and the exploratory activity was registered for 10 min.
Step-down inhibitory avoidance task
Short-and long-term memories were evaluated in the inhibitory avoidance task using a previously described protocol . The inhibitory avoidance apparatus was an acrylic box (50 cm Â 25 cm Â 25 cm), whose floor consisted of parallel stainless-steel bars (1 mm diameter) spaced 1 cm apart. A platform (7-cm wide Â 2.5-cm high) was placed on the floor against the left wall. The animals were placed on the platform and their latency to step-down with the four paws on the grid was recorded. During the training sessions, immediately after stepping-down on the grid, the animals received a 0.4-mA, 1.0-s scrambled foot shock. No foot shock was delivered in the testing sessions and the step-down latency (maximum 180 s) was used as measure of memory retention. Test sessions were performed 1.5 h and 24 h after a single training session to evaluate short-and long-term memories, respectively.
Biochemical analysis
To analyze synaptic plasticity biomarkers in the hippocampus and muscle adaptations after physical exercise, some rats were killed by decapitation, and the hippocampus, heart and forelimb soleus muscles were dissected and processed according to different methodologies, as described below.
Skeletal muscle mitochondrial respiration assay
Heart and soleus muscles were homogenized in 20 vol of 50 mM phosphate buffer (0.3 M sucrose, 5 mM MOPS, 1 mM EGTA and 0.1% bovine serum albumin, pH 7.4). The homogenates were centrifuged at 1000 Â g for 10 min at 4 8C and the supernatant was centrifuged at 15,000 Â g in order to concentrate mitochondria in the pellet, which was dissolved in the same phosphate buffer. Succinate respiration was measured using a high-resolution oxygen sensor (Oroboros 1 Instruments GmbH Corp., Innsbruck, Austria) and calculated as nmol/min/mg protein (Fischer et al., 1985) . Protein content of the mitochondrial fraction was determined by the method of Lowry et al. (1951) using bovine serum albumin as standard.
3 H]-glutamate uptake was evaluated as previously described (Molz et al., 2005) . After incubation, hippocampal slices were washed for 15 min at 37 8C in a Hank's balanced salt solution (HBSS), composition in mM: 1.29 CaCl 2 , 136.9 NaCl, 5.36 KCl, 0.65 MgSO 4 , 0.27 Na 2 HPO 4 , 1.1 KH 2 PO 4 , and 5 HEPES. Uptake was assessed through the addition of 0.33 mCi/ml L-[ 3 H]-glutamate with 100 mM unlabeled glutamate in a final volume of 300 ml. Incubation was stopped immediately after 7 min by discarding the incubation medium and slices were submitted to two icecold washes with 1 ml HBSS. Slices were solubilized by adding a solution with 0.1% NaOH/0.01% SDS and incubated overnight. Aliquots of slice lysates were taken for determination of the intracellular content of L-[ 3 H]-glutamate by scintillation counting. Sodium independent uptake was determined by using choline chloride instead of sodium chloride in the HBSS. Unspecific sodium-independent uptake was subtracted from total uptake to obtain the specific sodium-dependent glutamate uptake. Results were obtained in nmol of L-[ 3 H]-glutamate taken up per mg of protein per min and expressed as percentage of control slices. Protein content was evaluated by the method of Lowry (Lowry et al., 1951) with bovine serum albumin as standard.
Western blot assay
Western blot assays were performed as previously described (Posser et al., 2008) .
Hippocampus samples were mechanically homogenized in 400-500 ml of Tris-base 50 mM, pH 7.0, EDTA 1 mM, NaF 100 mM, PMSF 0.1 mM, Na 3 VO 4 2 mM, Triton X-100 1%, glycerol 10% and protein inhibitor cocktail (Sigma, St. Louis MO, USA), and then incubated for 30 min on ice. Lysates were centrifuged (1000 Â g for 10 min, at 4 8C) to eliminate cellular debris, and supernatants diluted 1/1 (v/v) in Tris-base 100 mM pH 6.8, EDTA 4 mM, SDS 8%, glycerol 20%, b-mercaptoethanol 8%. Protein content was estimated at 750 nm wavelength and concentration calculated by a pattern curve with bovine serum albumin as described previously (Peterson, 1977) .
The samples (60 mg of total protein/track) were separated by SDS-PAGE using 10% gels. Proteins were transferred to nitrocellulose membrane using a semi-dry blotting apparatus (1.2 mA/cm 2 ; 1.5 h). Membranes were blocked (1 h) with 5% skim milk in TBS (Tris 10 mM, NaCl 150 mM, pH 7.5). Cyclic-AMP response element binding protein (CREB) and serine/threonine protein kinase (AKT) total and phosphorylated forms were detected using specific antibodies diluted in TBS-T containing BSA (2.5%) in the following dilutions: 1:1000 for anti-phospho-CREB, anti-CREB, anti-AKT, anti-phospho-AKT (Ser473), and BDNF (Cell Signaling, MA, USA). All steps of blocking and incubation were followed by washing (5 min) the membranes thrice with TBS-T (Tris 10 mM, NaCl 150 mM, Tween-20 0.05%, pH 7.5). Optical density (O.D.) of the western blotting bands was quantified using Scion Image 1 software (Scion Corporation, Frederick MD, USA) to quantify phosphorylation ratio: O.D. of the phosphorylated band/O.D. of the total band (Posser et al., 2008) .
Isolation of total RNA and real-time quantitative RT-PCR
RNA was extracted using Tri-reagent (Sigma) and treated with DNase I (Invitrogen) to remove any contaminating genomic DNA and stored at À80 8C. Spectrophotometric measurements were done using the Nanodrop Spectrophotometer (Nanodrop Technologies Wilmington, DE, USA) to determine RNA concentration and purity. One microgram of RNA was reverse transcribed to cDNA using Omniscript Reverse Transcription kit (QIAGEN) and stored at À20 8C. Quantitative real-time PCR (qPCR) was performed with 50 ng cDNA using custom designed gene expression assays for brain-derived neurotrophic factor (BDNF). The sequences of probes, forward and reverse primers were BDNF (5 0 -AGTCATTTGCG-CACAACTTTAAAAGTCTGCATT-3 0 ), forward, 5 0 -GGACATATCCATGACCAGAAAGAAA-3 0 ; reverse, 5 0 -GCAACAAACCACAACATTATCGAG-3 0 ) (Integrated DNA Technologies, IA, USA). BDNF mRNA levels was compared to housekeeping gene b-actin. There were no statistical differences in b-actin CT values across different groups in hippocampus indicating constant level of expression of the housekeeping genes (data not shown). Analysis was performed using the DD CT method.
Statistical analysis
Data for inhibitory avoidance task are shown as median (interquartile range) of step-down latencies. Comparisons of latencies in training and test sessions were performed by Kruskal-Wallis non-parametric test followed by Dunn's multiple comparison test using the Graph Pad Prism 4 1 (GraphPad Software Inc). The rest of data was checked for normality of frequency distribution with the KolmogorovSmirnov test and expressed as mean AE standard error of the mean (S.E.M.). In this case, Student's t-test and analysis of variance (ANOVA) were applied when appropriate, as informed in the results section and figure legends. Following significant ANOVAs, multiple post-hoc comparisons were performed using the Newman-Keuls test. Parametric tests were performed using the Statistica software package (StatSoft Inc., Tulsa, OK, USA). The accepted level of significance for all the tests was P 0.05.
Results
Short bouts of exercise increase muscle respiration in aging rats
Maximal lactate steady state (MLSS) refers to the upper limit of blood lactate concentration indicating equilibrium between lactate production and its removal from the blood during constant exercise (Beneke and von Duvillard, 1996) . Based on previous literature (Aguiar et al., 2008 Ferreira et al., 2007) , 3 mmol/l of lactate (Fig. 1B, dashed line) was used as a reference value to define exercise intensity. Exercises that increase lactate levels above MLSS are considered of high-intensity, with predominant muscle glycolytic metabolism with lactate accumulation (Ferreira et al., 2007) .
As illustrated in Fig. 1B , one-way ANOVA revealed that blood lactate levels remained stable during the 4 weeks of exercise (F 3,24 = 0.85, P = 0.47), even after the increase of exercise volume. In relation to MLSS, Student's t-tests indicated that aging rats started running below 3 mmol/l in the 1st week of exercise (t = 3.64, P 0.05), meaning mild-intensity level of effort. The intensity reached moderate levels when the volume of exercise increased during the 2nd (t = 1.49, P = 0.17) and 3rd (t = 1.15, P = 0.28) weeks, but returned to mild-intensity in the 4th week (t = 2.73, P 0.05) (Fig. 1B) .
In accordance with previous literature (Aguiar et al., 2008 Brooks and Mercier, 1994) , our results suggest that the current exercise program was enough to increase the blood lactate oxidation through increased mitochondrial oxygen consumption in both soleus (t = 2.53, P 0.001, Fig. 1D ) and heart (t = 3.62, P 0.001, Fig. 1E ) muscles of aging rats. In addition, despite the existence of borderline differences (P = 0.08) in the body weight between sedentary and exercised groups at baseline, one-way ANOVA revealed no significant changes in the average body weight in both sedentary (F 4,32 = 1.37, P = 0.26) and exercised (F 4,32 = 2.11, P = 0.11) animals throughout the current exercise program (Fig. 1C) . Moreover, Student's t-tests indicated no significant differences in the relative weight of the adrenal glands between sedentary and exercised groups (t = 0.05, P = 0.95) (Fig. 1F) . Taken together, the above mentioned data indicate that the mild exercise regimen utilized in the present study is unlikely to induce severe stress. Previous studies have shown a significant reduction in the body weight (Kim et al., 2008; Retana-Má rquez et al., 2003) and increase in the weight of the adrenal glands (Lemaire et al., 1997) as a consequence of hypothalamic-pituitary-adrenal axis hyperactivity in rodents submitted to chronic and severe stress conditions.
Short bouts of exercise improve spatial learning and memory in aging rats
The effects of the present exercise program in the performance of aging rats on the water maze and step-down tasks are summarized in Fig. 2 . Two-way ANOVA (exercise x repeated measures) revealed significant effects of exercise (F 1,14 = 5.31, P 0.05) and repetition (F 6,96 = 6.67, P 0.0001) factors in the escape latency during training session of the water maze ( Fig. 2A) . Subsequent Newman-Keuls test indicated that exercised rats learned faster than sedentary group. Although sedentary and exercised rats demonstrated similar final escape latencies, the learning curve of the sedentary group was clearly offset to the right, i.e. they needed a greater number of trials to acquire the spatial information ( Fig. 2A) . The probe test session confirmed the cognitive benefits of the short bouts of mild exercise, as indicated by the significant increase in the percentage of time spent in the correct quadrant (t = 2.58, P 0.05; Fig. 2B ). Sedentary controls spent about 25% of the swim time in the target quadrant (Fig. 2B) , suggesting their inability to recognize the platform location. ''Hot'' spots (red and yellow) in the occupation plot show increased spatial location of exercised rats in the target quadrant and platform region (Fig. 2D, dashed line) , reinforcing that exercise improved the age-related deficits in the retrieval of long-term spatial memory.
The effects of short bouts of exercise on STM and LTM of aging rats evaluated in the step-down inhibitory avoidance task are shown in Fig. 2E . In accordance with previous literature (Komiskey et al., 1988; Zornetzer et al., 1982) , the Kruskal-Wallis non-parametric test revealed that sedentary aging rats displayed typical poor performance in this task, as indicated by similar step-down latencies in the training and test sessions [H(2, N = 29) = 1.33; P = 0.51]. On the other hand, Kruskal-Wallis revealed a significant effect of the exercise on the step-down latencies [H(2, N = 28) = 6.40; P 0.05]. Subsequent Dunn's multiple comparison test indicated that the present exercise program increased selectively the step-down latency evaluated 24 h after training (Fig. 2E right) . These results suggest that short bouts of exercise specifically enhance the longterm retention of a step-down inhibitory avoidance task in aging rats.
Noteworthy, the present effects of exercise are not directly related to motor improvements in aging rats, since no significant differences between sedentary and exercised groups were observed in the swimming speed on the water maze task (F 7,98 = 1.0, P = 0.48, Fig. 2C ) nor in the distance travelled in the open field (F 1,14 = 2.05, P = 0.64, Fig. 2F ).
3.3. Short bouts of exercise increase synaptic plasticity in the hippocampus of aging rats: involvement of AKT, CREB and BDNF signaling
We performed a series of neurochemical measures to evaluate if the observed exercise-induced cognitive benefits are associated with hippocampal synaptic strength in aging rats. L-[
3 H]-glutamate uptake by hippocampus slices of exercised aging rats (Fig. 3A) remained unchanged (t = 0.03, P = 0.97). On the other hand, phosphorylation of AKT (t = 8.97, P 0.05) and CREB (t = 2.70, P 0.05) (Fig. 3C) , BDNF mRNA expression (t = 5.39, P 0.05; Fig. 3B ) and BDNF protein levels (t = 3.93, P 0.05; Fig. 3C ) were significantly increased in the hippocampus of aging rats after short bouts of mild-intensity exercise
Discussion
The benefits of exercise on age-related brain functional decline are supported by plastic adaptations at the level of mitochondria and synapses, as evidenced in previous rodent studies using longterm exposures to voluntary running wheels or forced moderateintensity treadmill exercise (Aguiar et al., 2008; Cotman and Berchtold, 2002; Gomez-Pinilla et al., 1998; Stranahan et al., 2010; van Praag et al., 1999a,b; Vaynman et al., 2004) . However, it is important to emphasize that aging process also affects the physiological systems as a whole, far beyond the brain (Ames et al., 1993; Hundley et al., 2001; McPhillips et al., 1989; Rogers and Evans, 1993) . These alterations can negatively impact the athletic status of aging subjects, decreasing their exercise performance and feasibility (Chad et al., 2005; Schutzer and Graves, 2004) . Here, we evaluated an experimental training protocol consisting of short bouts of mild-intensity exercise on treadmill performed during 5 weeks, which was able to increase oxygen consumption by soleus and heart muscles of aging rats. This exercise program markedly improved age-related spatial learning and memory deficits in rats that were accompanied by the activation of hippocampal AKT and CREB signaling and increase of BDNF protein in the hippocampus of aging rats.
Aging has been frequently associated with cognitive decline in different species, including humans and rats. Of all brain regions, the hippocampus seems to be particularly vulnerable to senescence and age-related spatial learning deficits result from alterations in hippocampal connectivity and synaptic plasticity (for review see Burger, 2010; Lister and Barnes, 2009 ). Long-term moderate-intensity exercise programs help improving cognitive functions (Cotman and Berchtold, 2002; Gomez-Pinilla et al., 1998) , but short-term exercise protocols failed to do so (Barnes et al., 1991; Buchner et al., 1992) . However, recent studies with more refined experimental designs described cognitive and emotional improvements of aging subjects, even after mildintensity exercise (Albeck et al., 2006; Kamijo et al., 2009) . Thus, the present findings obtained in two classical behavioral tasks for the evaluation of spatial learning and memory in rodents reinforce and extend the notion that short bouts of mild-intensity exercise represent a viable behavioral strategy to improve cognitive function in aging subjects. Interestingly, the results from the step-down task suggest that these benefits are restricted to longterm memory (LTM), since the short-term memory (STM) deficits remained unchanged after physical training. At the cellular level, the storage of LTM is associated with gene expression, de novo protein synthesis, and formation of new synaptic connections (see Izquierdo et al., 2002) in the hippocampus that are very susceptible to senescence (Burger, 2010; Lister and Barnes, 2009 ). Interestingly, the exercise-induced cognitive benefits observed in the present study occurred in parallel to the increase of synaptic plasticityrelated of biomarkers in the hippocampus. A causal link between these events needs to be addressed in future research.
Although the assumption that physical exercise reduces the risk of cognitive decline is generally accepted, the biological mechanisms underlying such effects remain poorly understood. Previous studies addressing the effects of long-term exercise programs have shown that cognitive improvements are mediated, at least in part, by the increase of phosphatidylinositol 3-kinase/protein kinase B (PI3-K/AKT) activity ( and Russo-Neustadt, 2005 ). This PI3-K/AKT pathway has been linked to diverse cellular functions, including cell growth, proliferation, differentiation, motility, survival and intracellular trafficking (Aberg et al., 2006) . In accordance with our present findings, there is an increasing literature showing that regular exercise increases AKT activation in the hippocampus of rodents RussoNeustadt, 2005, 2009) . Moreover, the current study provides new evidence that short bouts of exercise increase the levels of phosphorylated CREB in the hippocampus of aging rats. CREB is a point of convergence of many signaling pathways mediating increased synaptic activity, such as the mitogen-activated protein kinases (MAPK), the Ca +2 -calmodulin-dependent protein kinase type 4 (CaMK-IV) and the family of retrovirus-associated DNA sequences (RAS), which are known to be activated in response to exercise (Molteni et al., 2002; Shen et al., 2001) . CREB regulates neuronal survival, precursor proliferation, neurite outgrowth and neuronal differentiation, as well as learning and memory functions (Alonso et al., 2002; Benito and Barco, 2010) . Remarkably, agerelated spatial memory impairments in rodents are associated with disruption of hippocampal CREB activity (Hattiangady et al., 2005; Kudo et al., 2005; Porte et al., 2008) . BDNF is another important intercellular signal mediating neurogenesis, synaptic plasticity and cell survival, that plays a crucial role in learning and memory processes (for review see Hu and Russek, 2008) . For example, deletion of BDNF gene or inhibition of its pathway impairs hippocampal LTP (Figurov et al., 1996) . Blockade of endogenous BDNF reduces LTP (Ma et al., 1998) , which is restored by exogenous BDNF (Patterson et al., 1996) and BDNF gene expression is enhanced by hippocampaldependent learning in monkeys (Tokuyama et al., 2000) . Interestingly, human subjects expressing a specific polymorphism in the BDNF gene also exhibit learning impairments (Hariri et al., 2003) . The same BDNF pathway underlying learning and memory is affected by exercise. Extensive literature indicates that wheel running programs, voluntary and low-intensity exercise result in upregulation of BDNF protein and mRNA levels in different brain areas of rodents, such as the hippocampus (Aguiar et al., 2008; Berchtold et al., 2005; Vaynman et al., 2004) . Moderate-to highintensity forced-treadmill schedule increase BDNF levels in the hippocampus of rats (Soya et al., 2007) and mice (Aguiar et al., 2008 . Therefore, we here suggest that short bouts of mildintensity exercise induce BDNF in hippocampus via CREB activation, providing further evidence of increased hippocampal neuroplasticity induced by exercise in aging rats.
On the other hand, we failed to observe significant alterations in glutamate uptake in the hippocampus of aging rats after short bouts of mild exercise, although it is already known that reduced glutamate uptake due to a decrease in the number of glutamate transporters has been associated to behavioral and cognitive decline in aging rodents (Segovia et al., 2001; Thomas, 1995) . Therefore, as previous studies suggested that long-term running wheel training increases glutamate uptake in the hippocampus of adult mice (Muller et al., 2010) , we suggest that lower frequencies of exercise training seems to be independent of the glutamate uptake. However, it must be conceded that other parameters, such as glutamate release and glutamate receptors expression must be evaluated to completely rule out the involvement of the glutamatergic system in the present exercise effects. The training protocol using short bouts of mild-intensity exercise constitutes a very interesting field for future scientific studies.
Conclusions
It has been previously reported that long-term exposure to moderate-intensity exercise improves age-related cognitive impairments by enhancing hippocampal synaptic plasticity. The present findings extend this notion, revealing improvement of agerelated spatial memory deficits in rats after short bouts of mildintensity physical exercise. We also identified putative molecular mechanisms underlying these cognitive benefits, including increased hippocampal plasticity via AKT, CREB and BDNF signaling. Finally, although the obvious caution should be taken, we believe that the present indication of the benefits of short bouts of exercise in aging rodents should be considered in further studies addressing the effects of physical exercise in elderly humans. Fig. 3 . Effects of short bouts of exercise on hippocampal plasticity in aging rats. Exercise did not alter glutamate uptake in the hippocampus slices of aging rats (A), but activated AKT and CREB signaling (C) as well as increased BDNF expression (B) and BDNF protein levels (C). Data are expressed as mean AE S.E.M. (n = 6 rats per group). *P 0.05 compared to the 100% of control (dashed line, Student's t-test). AKT -serine/threonine protein kinase; BDNF -brain-derived neurotrophic factor; CREBcyclic-AMP response element binding protein; Exe -exercise; p -phospho; Sedsedentary.
